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Fertilization involves the activation of Src-family protein kinases which play a role at multiple stages of the egg activation
process. The objective of the present study was to determine the mechanism by which one of these kinases, the Fyn kinase,
is activated in response to fertilization of the zebrafish egg. Inhibitor studies demonstrated that many aspects of egg
activation, including Fyn activation, require phosphotyrosyl phosphatase activity. A phosphotyrosyl phosphatase was found
to be tightly associated with Fyn kinase and this interaction was mapped to the SH2 domain of Fyn. Coimmunoprecipitation
studies identified rPTP as a phosphatase that is complexed with Fyn in the egg, raising the possibility that rPTP is part
of the regulatory mechanism responsible for activating Fyn at fertilization. © 2002 Elsevier Science (USA)
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The fertilizing sperm triggers a series of biochemical events
in the egg that function to establish a block to polyspermy,
control pronuclear migration and fusion, activate egg metab-
olism, and initiate resumption of the cell cycle. An early step
in this process is the stimulation of one or more Src family
protein tyrosine kinases (PTKs)2, which are thought to acti-
vate an IP3-mediated calcium transient (Kinsey, 1997; Giusti
et al., 1999a,b) in the egg. The Fyn kinase is stimulated in
response to fertilization in the sea urchin and zebrafish egg
(Kinsey, 1996; Wu and Kinsey, 2001) and microinjection of
dominant-negative fusion proteins indicated that Fyn is in-
volved in triggering the calcium transient in the sea urchin egg
(Kinsey and Shen, 2000), although participation of other Src
family kinases is likely (Sato et al., 1998; Abassi et al., 2000).
Given the key role of Fyn in egg activation, the mechanism by
which it is regulated in the egg becomes an important ques-
tion. Fyn, like other Src-family PTKs, is maintained in a
constitutively inactive state due to phosphorylation of the
1 To whom correspondence should be addressed. Fax: (913) 588-
2710. E-mail: wkinsey@kumc.edu.
2 Abbreviations: BSA, bovine serum albumin; EDTA, ethylenedia-
minetetraacetic acid; EGTA, ethylene glycol-bis(-aminoethyl ether)
N,N,N,N tetraacetic acid; GST, glutathione S-transferase; Hepes,
[2-hydroxyethyl]piperazine-N-[2-ethane-sulfonic acid]; IP3, inositol
1,4,5P3; TCA, trichloroacetic acid; TFA, trifluroacetic acid; SDS,
sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis;
P-Tyr, phospho-
phosphotyrosyl phosphatase.
286C-terminal tyrosine by the CSK kinase (Okada et al., 1991).
This phosphorylation promotes an intramolecular interaction
with the SH2 domain of Fyn that folds the kinase into an
inactive configuration (Superti-Furga and Courtneidge, 1995).
Fyn therefore requires dephosphorylation of the C-terminal
P-Tyr as the initial step in its activation. Further activation
can occur by autophosphorylation of a Tyr in the catalytic
domain, which results in further stimulation of kinase activ-
ity (Sun et al., 1998). Additional regulatory mechanisms may
involve nitrosylation (Akhand et al., 1999), proteolysis (Lu-
ciano et al., 2001), or other protein–protein interactions (Burn-
ham et al., 2000). In any case, the mechanism by which Fyn is
activated at fertilization is key to understanding the complex
regulatory pathways that function in egg activation.
The initial objective of the present study was to deter-
mine whether a dephosphorylation mechanism functions
in the fertilization-induced activation of Fyn kinase activ-
ity. Further characterization of the Fyn-associated proteins
in the unfertilized egg demonstrated that a PTPase activity
is associated with Fyn through a specific protein–protein
interaction. The results indicate that the fertilization-
induced activation of Fyn does involve an egg PTPase and
that this activation mechanism possibly involves rPTP
specifically complexed with Fyn prior to fertilization.
METHODS
Eggs and embryos. Eggs were collected from mature Danio
L-tyrosine; PTK, protein tyrosine kinase; PTPase, rerio and maintained in Hanks buffer  5 mg/ml BSA at 28°C,while sperm were maintained on ice in sperm extender solution
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(Lee et al., 1999). Fertilization was accomplished by mixing the
sperm (5 l containing 6.25 g protein) with the egg suspension,
then activating the sperm by addition of 0.5 ml of aquarium water.
The success of fertilization was monitored by removing 8–10 eggs
from each group and monitoring their development through the
early cleavage stages.
Immunoprecipitation. Membrane fractions were prepared from
unfertilized eggs or from zygotes as described (Wu and Kinsey, 2001).
Samples to be used for PTPase assays were prepared by using 10 mM
sodium pyrophosphate instead of sodium orthovanadate as a PTPase
inhibitor. The light and heavy membrane fractions were pooled,
suspended in 20 volumes of TKM buffer [Tris, pH 7.5, 50 mM; KCl, 25
mM; MgCl2, 5 mM; EGTA, 1 mM; NaN3, 1 M; 2-mercaptoethanol,
1 mM; Aprotinin (Sigma-Aldrich, St. Louis, MO), 10 g/ml] and
washed by centrifugation. The pellet was solubilized in immunopre-
cipitation buffer (NaCl, 150 mM; Tris, 10 mM; EDTA, 1 mM; EGTA,
1 mM; NaN3, 0.1 mg/ml; 2-mercaptoethanol, 1 mM; Aprotinin 10
g/ml; NP-40, 1.0%), and the insoluble material was removed by
centrifugation at 10,000g for 5 min. Detergent extracts were incubated
with an appropriate rabbit polyclonal antibody for 2 h at 4°C. Immu-
nocomplexes were absorbed to protein-A agarose, then washed twice
with immunoprecipitation buffer and once with phosphatase buffer
(Hepes, 50 mM; MgCl2, 10 mM; 2-mercaptoethanol, 2.5 mM, pH 7.2).
Anti-Fyn-3 antibody was obtained from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA). The anti-rPTP-35 antibody was a gift from J.
Sap at New York Univ. Medical Center (New York, NY).
Enzyme assays. Fyn kinase activity was quantitated by incu-
bating Fyn immunoprecipitates (5 l) in 30 l of kinase assay buffer
(Hepes, 12.5 mM, pH 7.5; MgCl2, 10 mM; 2-mercaptoethanol 2.5
mM; sodium orthovanadate, 100 M) to which was added peptide-5
(YGEVYEGVFKK), 1 mM; and [-32P]ATP (300 mCi/mol) at 10
M. Kinase assays were done at 25°C with the microfuge tube on
its side to enhance substrate availability to the immunoprecipi-
tated enzyme. The reaction was stopped by addition of 7% TCA
after 1 min, and the products were analyzed by RP-HPLC and
detected by scintillation counting as described (Moore and Kinsey,
1994). PTPase activity was quantitated with a synthetic [32P]-
phosphopeptide, which was prepared by phosphorylating peptide-5
in vitro with a constitutively active recombinant form of Fyn
kinase and purified by HPLC over a SynChropak CM300 column
(Micra Scientific, Northbrook, IL). The final specific activity of the
phosphopeptide was 6000 cpm/pmol. Enzyme reactions were car-
ried out in 100 l of phosphatase buffer (Hepes, 50 mM, pH 7.5;
MgCl2, 10 mM; 2-mercaptoethanol, 2.5 mM) containing 100 pmol
of the [32P]-peptide. After incubation for 1 h at 28°C with constant
agitation, the reaction was stopped by addition of 500 l of HPLC
buffer A (NaH2PO4, 0.4%; morpholine, 0.1%; TFA, 0.1%, pH 2.1)
and analyzed by chromatography on a Xorbax (DuPont) C8 column
equilibrated in buffer A and eluted with a 0–70% linear gradient of
acetonitrile. Fractions were collected, neutralized, and counted in a
scintillation counter.
RESULTS
PTPase Inhibitors Prevent Fyn Activation in the
Zebrafish Egg
In order to test the hypothesis that the fertilization-
induced Fyn activation involves prior action of one or more
PTPases, we evaluated the effect of various PTPase inhibi-
tors on fertilization and Fyn kinase activity. The approach
used was to incubate unfertilized eggs with PTPase inhibi-
tors, then wash the inhibitors out, add sperm and aquarium
water, and observe the effect on chorion elevation, cytoplas-
mic streaming (blastodisc formation), and cleavage, as well
as the fertilization-induced activation of Fyn kinase activ-
ity. Unfertilized eggs were incubated with sodium or-
thovanadate (100 M), sodium peroxyvanadate (POV) (50
M), phenylarsine oxide (PAO) (10 M), calpeptin (1 mg/
ml), or the Ser/Thr phosphatase inhibitor microcystin (100
nM) for 30 min, then washed quickly and fertilized by
addition of sperm. PAO, calpeptin, and microcystin were
delivered from stock solutions in DMSO by using dilutions
that resulted in a final DMSO concentration of less than
0.1% vol/vol. An equivalent concentration of DMSO was
added to control eggs or those treated with sodium or-
thovanadate and peroxyvanadate to rule out possible effects
of this solvent. Orthovanadate is known to inhibit most
PTPases in the low micromolar range (1–2 M; Swarup et
al., 1982); however, it is used at much higher concentra-
tions (100 M) when applied to intact cells due to poor
membrane permeability (Gordon, 1991). In our experi-
ments, the presence of orthovanadate up to 100 M had no
effect on development. The addition of H2O2 to vanadate
solutions is thought to oxidize vanadate to pervanadate and
promote its entry into cells, although H2O2 also inhibits
PTPases by oxidation of a critical cysteine (Hecht and Zick,
1992). This combination, termed peroxyvanadate, inhibits
PTPases in vitro at 1–2 M, but concentrations used in
treating intact cells are typically 100 M (Mukhopadhyay
et al., 2000; Touyz et al., 2001; Mariner et al., 2001).
Phenylarsine oxide is a membrane-permeable thiol-oxidant
and inhibits PTPases such as CD45 with an IC50 between 5
and 10 M in vitro and 10 and 20 M when added to intact
cells (Garcia-Morales et al., 1990). In our experiments,
peroxyvanadate and phenylarsine oxide delayed elevation of
the chorion as well as the cytoplasmic streaming that forms
the blastodisc (Table 1). Mitosis was significantly delayed
by treatment with peroxyvanadate and essentially pre-
vented by phenylarsine oxide. Calpeptin, originally de-
scribed as a protease inhibitor, was recently shown to
inhibit PTPase activity with an IC50 of approximately 1–1.5
mg/ml, a concentration which is also effective against
intact cells (Schoenwaelder and Burridge, 1999). In our
experiments, calpeptin (1 mg/ml) did not affect chorion
elevation but delayed cytoplasmic streaming and mitosis.
Microcystin, a potent inhibitor of Ser/Thr phosphatases
with an IC50 in the 0.1- to 10.0-nM range (MacKintosh et al.,
1990), had no effect on chorion elevation, even at 100 nM.
Microcystin did reduce the extent of cytoplasmic streaming
with the result that fewer zygotes with a normal blastodisc
were apparent; however, most of these zygotes did divide
within 90 min, while those treated with PTPase inhibitors
did not divide during the first 90 min postinsemination. By
150 min postinsemination, all of the groups except those
treated with phenylarsine oxide were showing some signs
of cell division, indicating that the effect of the inhibitors
was reversible. Phenylarsine oxide chemically modifies the
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active site of PTPases (Hoffman and Lane, 1992) and would
not be expected to be reversible.
Analysis of the Fyn kinase activity immunoprecipitated
from eggs pretreated with peroxyvanadate revealed that the
normal fertilization-induced activation of Fyn kinase activ-
ity was largely suppressed by preincubation with this PT-
Pase inhibitor (Fig. 1). This result indicated that PTPase
activity in the egg is required directly or indirectly for Fyn
activation at fertilization as well as events linked to cho-
rion elevation, cytoplasmic streaming, and resumption of
the cell cycle.
Fyn Kinase Is Activated by PTPase Treatment
in Vitro
Fyn kinase activity in the zebrafish egg is very low prior
to fertilization and requires some signal delivered by the
sperm to become active (Wu and Kinsey, 2001). Since Fyn,
like many Src-family PTKs, can be activated by dephos-
phorylation of the C-terminal tyrosine phosphorylation
site, the results presented in Fig. 1 and Table 1 suggest that
Fyn could exist primarily as the C-terminal phosphorylated
(inactive) form in the unfertilized egg. To test this hypoth-
esis, we determined whether the pool of Fyn in the unfer-
tilized egg can be activated by exogenous PTPase activity
under defined in vitro conditions. The approach used was to
test the ability of a bacterially expressed recombinant
PTPase (CD45) (Felberg and Johnson, 1998) to stimulate the
kinase activity of Fyn immunoprecipitates. Fyn immuno-
precipitates were prepared from membranes of approxi-
mately 1000 unfertilized or fertilized (2 min postinsemina-
tion) eggs. The immunoprecipitates were incubated with
bacterially expressed recombinant cytoplasmic domain of
CD45, then washed free of PTPase activity and assayed for
kinase activity by using a synthetic peptide substrate. As
seen in Fig. 2, Fyn kinase activity immunoprecipitated from
unfertilized eggs was stimulated over 10-fold by exposure to
CD45, indicating that Fyn is held in the inactive state prior
to fertilization and requires dephosphorylation by a PTPase
to become fully active. Interestingly, Fyn immunoprecipi-
tated from fertilized eggs was much less sensitive to PTPase
TABLE 1
Effect of PTPase Inhibitors on Egg Activation
Treatment
2 min
Chorion Elev.
45 min
Cyt. Str.
90 min
% Cleavage
150 min
% Cleavage Stage
Control 100 100 100 89 (6) 64 cell
Vanadate 100 100 100 80 (9) 64 cell
Peroxyvanadate 35* (13) 0* 0* 87 (9) 8 cell
PAO 35* (14) 0* 0* 0 2 cell
Calpeptin 92 (3) 35* (31) 58* (29) 71* (8) 8 cell
Microcystin 90 (10) 50* (30) 90 (20) 70 (25) 8 cell
Note. Groups of 10–20 eggs were incubated in Hanks–BSA with 0.1% DMSO (control), 100 M sodium orthovanadate, 50 M
peroxyvanadate, 10 M phenylarsine oxide, 1 mg/ml calpeptin, or 100 nM microcystin for 30 min, then washed twice in Hanks–BSA and
inseminated by addition of sperm  aquarium water. Batches of eggs in which controls failed to achieve 90% cleavage were not included
in the study. The progression of chorion elevation, cytoplasmic streaming, and mitosis was then monitored at 5-min intervals. Chorion
elevation was considered successful if the chorion was fully lifted from the egg surface by at least 10% of the egg diameter. Cytoplasmic
streaming was considered successful if a clearly visible accumulation of yolk-free cytoplasm was present. Cleavage was scored as successful
if cell borders were apparent between two or more cells. Since the progress made by the cleaving embryos was variable, we have indicated
the most typical stage present at 150 min postinsemination in the right column. Results are the average of three groups of eggs from
different females with the standard deviation in parentheses (* indicates statistically different from control with P  0.005).
FIG. 1. PTPase inhibitors block Fyn activation at fertilization.
Groups of 500 eggs were incubated with Hanks–BSA containing
0.1% DMSO or Hanks–BSA containing 0.1% DMSO and 10 M
peroxyvanadate (POV) for 30 min at 28°C. One group was then
fertilized (F) and allowed to develop for 2 min, at which time all
samples were homogenized in immunoprecipitation buffer. The
detergent extracts were then incubated with anti-Fyn antibody or
normal rabbit IgG (Control) and immunoprecipitates were incu-
bated in kinase buffer containing [-32P]ATP and the reaction
products resolved by SDS–PAGE. Autophosphorylation was de-
tected by autoradiography over 7 days of exposure, and the position
of the 57-kDa Fyn protein is indicated by the arrow.
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treatment, suggesting that most of the Fyn in the fertilized
egg is already dephosphorylated or is otherwise insensitive
to exogenous PTPase activity.
Fyn Kinase Is Associated with a PTPase Activity in
the Zebrafish Egg
Studies in other systems have demonstrated that Src-
family PTKs are often tightly associated with PTPases
involved in the signaling mechanism (Bhandari et al., 1998;
den-Hertog et al., 1993; Walter et al., 1999; Zheng et al.,
2000). As part of our study of the egg proteins that are
tightly associated with Fyn kinase, we observed that a
PTPase activity coimmunoprecipitated with Fyn. This was
demonstrated initially by observing the autophosphoryla-
tion and subsequent dephosphorylation of Fyn in immuno-
complex kinase assays (not shown) and could be demon-
strated more quantitatively by using a [32PO4]-labeled
phosphotyrosyl peptide as a phosphatase substrate. Immu-
noprecipitates prepared from zebrafish zygotes were incu-
bated with the [32PO4]-phosphopeptide and the release of
32PO4 was quantitated by RP-HPLC and scintillation count-
ing. As seen in Fig. 3, the PTPase activity associated with
Fyn immunoprecipitates was significantly higher than that
associated with control immunoprecipitates and was inhib-
ited by orthovanadate. This result suggests that one or more
PTPases are specifically associated with Fyn in the ze-
brafish egg.
Mapping of the Site of Interaction between Fyn
and the Associated PTPase
In order to establish which domain(s) of the Fyn protein
bind strongly to the egg PTPase, we used GST fusion
proteins encoding different domains of the Xenopus laevis
Fyn protein as affinity reagents to bind PTPase activity
from detergent extracts prepared from zebrafish zygote
membranes. The GST-Fyn-U fusion protein included AA
1–82 of Fyn representing the N-terminal U domain, GST-
Fyn-USH3 included AA 1–156, GST-Fyn-SH3 included AA
82–156, and GST-Fyn-SH2 included AA 149–251. The
preparation and use of these fusion proteins as affinity
reagents has been described previously (Kinsey and Shen,
2000). Equimolar concentrations of GST-Fyn-U, GST-Fyn-
USH3, GST-Fyn-SH3, GST-Fyn-SH2, or GST-Abl-SH2 (as a
control) bound to 5 l of glutathione–agarose were incu-
bated with the detergent extract for 1 h at 4°C. The resin
was then quickly washed with immunoprecipitation buffer
followed by PTPase assay buffer, and then assayed for
PTPase activity with the [32PO4]-peptide substrate. The
results presented in Fig. 4 demonstrate that the only do-
main of Fyn that bound significant PTPase activity was the
Fyn SH2 domain. Control proteins, including GST and the
GST-Abl-SH2 protein, did not bind significant PTPase ac-
tivity.
Displacement of PTPase from c-Fyn
Immunoprecipitates by the Fyn SH2 Domain
In order to determine whether the PTPase activity bound
to Fyn immunoprecipitates also involves the SH2 domain,
we tested whether the Fyn-associated PTPase activity could
FIG. 3. Detection of PTPase activity in Fyn immunoprecipitates.
Detergent extracts were prepared from the membrane fraction of
groups of 1200 zebrafish zygotes and Fyn kinase was immunopre-
cipitated with the anti-Fyn antibody or anti-Fyn antibody  1 mM
peptide antigen as a control. The immunoprecipitates were assayed
for PTPase activity against a [32PO4]-peptide as described in Meth-
ods. One set of assays was performed in the presence of 100 M
Na3VO4, an inhibitor of PTPases. The reaction products were
analyzed by RP-HPLC and counted in a scintillation counter.
Results are the average of three experiments  SEM.
FIG. 2. Activation of Fyn immunoprecipitates by PTPase activity.
Fyn immunoprecipitates were prepared from groups of 1000 eggs or
fertilized 2-min zygotes. The immunoprecipitates were washed
into PTPase assay buffer incubated with this buffer alone (control)
or with the recombinant cytoplasmic domain of human CD45 (0.1
g/ml) for 30 min at 37°C. The samples were then washed three
times in kinase assay buffer to remove all phosphatase and assayed
for kinase activity by using a synthetic peptide substrate (see
Methods). Adjacent bars represent the results from two experi-
ments.
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be displaced by competition with GST fusion proteins
containing the Fyn SH2 domain. Fyn immunoprecipitates
adsorbed to protein A-agarose prepared from approximately
1500 unfertilized eggs were pooled, washed into phospha-
tase assay buffer, then aliquoted into 50-l samples. GST-
fusion proteins encoding different domains of Fyn were
then added to the Fyn immunoprecipitates at a concentra-
tion of 25 M and incubated with gentle agitation at 28°C
for 30 min. The samples were then centrifuged, and the
PTPase activity present in the soluble and insoluble frac-
tion was quantitated. The results presented in Table 2
reveal that the SH2 domain of c-Fyn was effective in
displacing PTPase activity from Fyn immunoprecipitates.
The PTPase released under these conditions accounted for
approximately 60% of the total PTPase in the Fyn immu-
noprecipitate. Fusion proteins encoding other domains of
Fyn did not displace significant PTPase activity.
The results presented above demonstrate that PTPase
activity is required for the normal fertilization-induced
activation of Fyn kinase in the zebrafish egg. In addition,
Fyn is associated with an egg PTPase activity through a
specific interaction involving the SH2 domain of Fyn. This
is particularly interesting since microinjection experiments
have shown that the SH2 domain of Fyn and other Src-
family PTKs can disrupt the sperm-induced calcium tran-
sient and subsequent egg activation process in marine
invertebrate eggs (Giusti et al., 1999b; Kinsey and Shen,
2000).
Association of rPTP with Fyn Immunoprecipitates
The strong interaction of the PTPase activity with the
SH2 domain of Fyn provided a clue as to the identity of this
PTPase since the SH2 domain has been implicated in the
interaction of Src-family PTKs with the receptor type
PTPase rPTP (Zheng et al., 2000). In order to determine
whether the Fyn-associated PTPase activity could be
rPTP, we used a variety of antibodies to rPTP and other
PTPases to probe Western blots of Fyn immunoprecipitates.
We found that a rabbit polyclonal antibody (anti-rPTP-35)
against the C terminus of human rPTP (Su et al., 1999)
was capable of immunoprecipitating PTPase activity from
detergent extracts of zygote membranes as seen in Fig. 5
(left). Western blot analysis of Fyn immunoprecipitates
demonstrated that anti-rPTP-35 recognized a 130-kDa
band (Fig. 5, right), which correlates well with the 132-kDa
protein detected in mammalian systems (Sap et al., 1990).
Antibodies to other PTPases likely to interact with Fyn,
including CD-45 and SHPTP2, did not immunoprecipitate
PTPase activity or detect proteins in Fyn immunoprecipi-
tates from zebrafish egg membranes. Since we know that
SHPTP2 is expressed in Xenopus oocytes (Tang et al., 1995),
it is likely that species variations in primary structure limit
the usefulness of many antibody preparations, and negative
results do not exclude the possibility that other PTPases
participate in signaling in the zebrafish egg.
DISCUSSION
Numerous studies involving chemical inhibitors,
dominant-negative fusion proteins, and microinjection of
exogenous PTKs have demonstrated that Src family PTKs,
including Fyn and possibly others, play a critical role in egg
activation (Sato et al., 1999; Giusti et al., 1999a; Kinsey and
Shen, 2000). The mechanism by which these kinases are
activated in response to fertilization remains an important
question. An extensive literature describing the role of
TABLE 2
Displacement of PTPase Activity by GST-Fyn-SH2
Addition
Activity released
(fmol/min)
Activity remaining
(fmol/min)
GST 0.5 (0.4) 14.0 (2.3)
GST-USH3 1.2 (0.4) 13.4 (0.8)
GST-SH2 7.9 (3.2) 5.2 (2.1)
GST-SH2 only* 0.3 (0.3) 0.5 (0.4)
Note. Fyn immunoprecipitates prepared from the membrane
fraction of 1500 unfertilized eggs were aliquoted into different
tubes and incubated in PTPase assay buffer containing the above
fusion proteins at 5 mg/ml for 30 min at 28°C. The immunocom-
plexes were then pelleted and the supernate and pellet fractions
were assayed for PTPase activity as described. Values represent the
average of three preparations with the sample standard deviation in
parentheses. (* indicates PTPase activity contaminating the puri-
fied fusion protein.)
FIG. 4. Mapping the Fyn–PTPase interaction. Affinity resins were
prepared by incubating glutathione agarose with a stock (80 M) of
GST, GST-Fyn-U, GST-Fyn-USH3, GST-Fyn-SH3, GST-Fyn-SH2,
or GST-Abl-SH2 (Mayer et al., 1991) followed by washing to
remove unbound protein. The resins were then added to detergent
extracts prepared from the membrane fraction of 400 zebrafish
1-cell zygotes as described in Methods. After 1 h of incubation, the
resins were washed and assayed for PTPase activity. Data repre-
sents the average of three experiments  SEM.
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C-terminal dephosphorylation in activation of Src-family
PTKs has been developed by using model systems (Superti-
Furga and Courtneidge, 1995), and the structural aspects of
this mechanism have been explained by X-ray crystallo-
graphic analysis (Xu et al., 1999). In order to determine
whether such a dephosphorylation mechanism occurs at
fertilization, we have used a combination of chemical
inhibitors and coimmunoprecipitation analysis to test for a
requirement of PTPase activity and to demonstrate a Fyn-
associated PTPase in the egg.
The possible role of PTPases in egg activation has been
studied in a small number of systems through the use of
chemical inhibitors. Experiments in X. laevis demonstrated
that PTPase activity is required for some aspects of the egg
activation process, (Sato et al., 1998). PTPase activity is also
required at the metaphase–anaphase transition (Bodart et
al., 1999). Similar studies in pig oocytes indicate a different
scenario since high concentrations of orthovanadate (1 mM
orthovanadate) caused artificial activation of oocytes (Kim
et al., 1999). This apparent paradox may result from the fact
that high concentrations or prolonged treatment with PTP-
ase inhibitors can result in hyperphosphorylation of PTK
substrates, which would mimic the effect of PTK stimula-
tion by a signaling pathway (Ajiro et al., 1996; Park and Liu,
2000). It is possible that PTPase inhibitors could prevent
activation of Src-family PTKs at a concentration near the
IC50, but at high inhibitor concentrations, the biological
effect may be reversed by decreased dephosphorylation of
the kinase substrate proteins. Our experiments in the
zebrafish system demonstrate that very potent PTPase
inhibitors, such as peroxyvanadate, phenylarsine oxide, and
calpeptin, delay chorion elevation, cytoplasmic streaming,
and mitosis. As with any inhibitor study, the specificity of
the inhibitors is key to interpreting results. Of the inhibi-
tors used in the present study, orthovanadate (Gordon,
1991) and peroxyvanadate (Ruff et al., 1997; Mukhopadhyay
et al., 2000; Touyz et al., 2001; Shimizu et al., 2001;
Mariner et al., 2001) are probably the most specific and have
been used extensively for in vivo studies. Calpeptin has
recently been identified as a specific PTPase inhibitor
(Schoenwaelder and Burridge, 1999; Whitehouse et al.,
2000) suitable for use with intact cells. Phenylarsine oxide
is a potent PTPase inhibitor and has been used extensively
in vivo; however, recent reports indicate that it has effects
on PI-4 kinase (Searl and Silinsky, 2001), nitric oxide
synthase (Su and Block, 2001), and cis-retinol dehydroge-
nase (Huang and Luu-The, 2001). While orthovanadate did
not have a significant effect on egg activation, the more
potent peroxyvanadate, calpeptin, and phenylarsine oxide
all significantly delayed cytoplasmic streaming, and cleav-
age. Inhibitors of Ser/Thr phosphatases did not inhibit
chorion elevation, or cytoplasmic reorganization, but did
have effects on mitosis as has been described in other
systems (Bodart et al., 1999; Douglas et al., 2001). These
results indicate that PTPase activity is important during
fertilization, and we decided to test the hypothesis that
PTPase activity was required for activation of Fyn kinase at
fertilization. The observation that inhibition of PTPase
activity prevented Fyn activation in vivo, together with the
fact that Fyn immunoprecipitates from unfertilized eggs
could be activated by exogenous PTPase treatment, sup-
ported the theory that Fyn is activated at fertilization by
one or more PTPases in the egg.
Since many examples exist in which the elements of
signal transduction pathways participate in stable protein–
protein interactions with each other, we sought to deter-
mine whether Fyn might be complexed with a PTPase that
regulates it. The observation that Fyn immunoprecipitates
contained PTPase activity was encouraging but raised the
question of whether the PTPase was associated with Fyn
via a specific interaction. GST fusion proteins containing
specific domains of Fyn kinase were used to map the site of
interaction to the SH2 domain of Fyn. This was confirmed
by a competition experiment in which GST-Fyn-SH2 could
displace the PTPase activity associated with Fyn immuno-
precipitates and showed that the PTPase interacted with
the SH2 domain of zebrafish Fyn in vivo. A review of the
literature regarding Fyn SH2 interactions identified a recent
report in which site-directed mutagenesis was used to
demonstrate that rPTP associated with Src by interaction
between the SH2 domain and a P-Tyr residue in the PTPase
FIG. 5. Detection of rPTP in the zebrafish egg: Co-
immunoprecipitation with Fyn. The left panel demonstrates a
phosphatase assay of immunoprecipitates prepared from 1000
zebrafish zygotes (30 min postfertilization) using anti-rPTP-35 at
1:400 dilution (F) or control rabbit serum at the same dilution (E).
The anti-rPTP-35 immunoprecipitates contained PTPase activity
evident as the removal of almost all 32PO4 from the peptide which
eluted in fractions 10 and 11. The right panel demonstrates that the
anti-rPTP-35 antibody detects a 130-kDa protein in Western blot
analysis of Fyn immunoprecipitates prepared from the membrane
fraction of 1500 eggs (B). This band was not seen in blots probed
with control rabbit IgG (A).
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(Zheng et al., 2000). Since the SH2 domains of Src and Fyn
have nearly identical specificity for the PO4-YEEI consen-
sus sequence (Songyang et al., 1993) it seemed reasonable
that rPTPase  was a likely candidate for the Fyn-associated
PTPase in zebrafish eggs. Subsequent analysis of Fyn im-
munoprecipitates demonstrated that rPTP was, in fact,
associated with Fyn in the zebrafish egg as has been
observed in mouse brain (Bhandari et al., 1998).
The major significance of this observation is that it
identifies rPTP as a potential candidate for activating Fyn
kinase at fertilization. Work in diverse cellular systems has
shown that Src family kinases, including Fyn, are activated
by different PTPases that dephosphorylate the C-terminal
P-Tyr, though in most cases, the PTPase(s) has not been
identified. In T cells, for example, Fyn is activated by CD45,
a transmembrane receptor PTPase (Mustelin et al., 1992). In
brain and in fibroblasts, Fyn requires rPTP for activation
(Su et al., 1999; Ponniah et al., 1999). Proof of whether
rPTP represents the predominant regulatory mechanism
for Fyn activation at fertilization will require further experi-
mentation. However, an interesting feature of rPTP is that
it interacts with the SH2 domain of Src-family PTKs. In
fact, rPTP activation of Src family kinases involves a
P-Tyr displacement mechanism in which the P-Tyr on
rPTP binds to the SH2 domain of Src, displacing the
C-terminal P-Tyr 527 and causing the kinase to assume the
open configuration (Zheng et al., 2000). Since the SH2
domains of Src-family PTKs have similar specificity for
P-Tyr-containing peptides with the sequence PO4-YEEI
(Songyang et al., 1993), it is likely that this displacement
mechanism would work for Fyn kinase as well as for Src.
We propose that such a mechanism could explain the
effectiveness of Src-family SH2 domains in delaying and
suppressing the calcium transient at fertilization (Giusti et
al., 1999b; Abassi et al., 2000; Kinsey and Shen, 2000). In
this model, microinjection of exogenous Src or Fyn SH2
domains would displace rPTP from Fyn, Src, or other
Src-family PTKs, with the result that the activation of these
PTKs by rPTP would be delayed. This model is supported
by our observation that the Fyn-associated PTPase is dis-
placed by exogenous Fyn SH2 domains. It is also consistent
with experiments that showed that Src-family SH2 do-
mains act upstream of PLC activation (Giusti et al., 2000).
Further experiments designed to test the effect of microin-
jected SH2 domains on Fyn activation at fertilization may
demonstrate whether this mechanism plays a significant
role during egg activation.
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